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Two conserved charged amino acids, aspartate-186 and arginine-190, localized in the aqueous head region of the iron–sulfur protein of
the cytochrome bc1 complex of yeast mitochondria, were mutated to alanine, glutamate, or asparagine and isoleucine, respectively. The
R190I mutation resulted in the complete loss of antimycin- and myxothiazol-sensitive cytochrome c reductase activity due to loss of more
than 60% of the iron–sulfur protein in the complex. Mitochondria isolated from the D186A mutant had a 50% decrease in cytochrome c
reductase activity but no loss of the iron–sulfur protein or the [2Fe–2S] cluster. The midpoint potential of the [2Fe–2S] cluster of the D186A
mutant was decreased from 281 to 178 mV. The D186E and D186N mutations did not result in a loss of cytochrome c reductase activity or
content of iron–sulfur protein; however, the redox potential of the [2Fe–2S] cluster of D186N was decreased from 281 to 241 mV.
Molecular modeling/dynamics studies predicted that substituting an alanine for Asp-186 causes global structural changes in the head group of
the iron–sulfur protein resulting in changes in the orientation of the [2Fe–2S] cluster and consequently a lowered redox potential. The rate of
electrogenic proton pumping in the bc1 complex isolated from mutant D186A reconstituted into proteoliposomes decreased 64%; however,
the H+/2e ratio of 1.9 was identical in the mutant and the wild-type complexes. The carboxyl binding reagent, N-(ethoxycarbonyl)-2-
ethoxyl-1,2-dihydroquinoline (EEDQ) blocked electrogenic proton pumping in the bc1 complex reconstituted into proteoliposomes without
affecting electron transfer resulting in a decrease in the H+/2e ratio to 1.2 and 1.1, respectively. EEDQ was bound to the iron–sulfur protein
and core protein II in both the wild type and the D186A mutant, indicating that Asp-186 of the iron–sulfur protein is not required for proton
translocation in the bc1 complex.
D 2003 Elsevier B.V. All rights reserved.Keywords: Cytochrome bc1 complex; Iron–sulfur protein; Proton pumping; Ubiquinol:cytochrome c reductase; Complex III; Mitochondrial electron transport
chain; Yeast mitochondria1. Introduction
The cytochrome bc1 complex, an integral multiprotein
complex of the inner mitochondrial membrane, catalyzes the
transfer of electrons from ubiquinol to cytochrome c coupled
to the translocation of protons across the membrane [1–3].
According to the protonmotive Q cycle, ubiquinol is oxi-0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2003.08.009
Abbreviations: RIP, Reiske iron–sulfur protein gene; ISP, iron–sulfur
protein; DBH2, decylubiquinol; DM, dodecyl maltoside; MOPS, 4-
morpholinepropanesulfonic acid; SMP’S, submitochondrial particles; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; CCCP,
carbonyl cyanide m-chlorophenylhydrazone; EEDQ, N-(ethoxycarbonyl)-2-
ethoxy-1,2-dihydroquinoline; AMF, 4V-((amino-acetamido)methyl) fluores-
cein; NCD-4, N-cyclohexyl-NV-[4-(dimethylamino)naphthyl] carbodiimide
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E-mail address: dbeattie@hsc.wvu.edu (D.S. Beattie).dized at a site (Qo) located at the positive (P) side of the
membrane resulting in the transfer of one electron to the
[2Fe–2S] cluster of the iron–sulfur protein, which subse-
quently transfers an electron to the heme of cytochrome c1.
The ubisemiquinone anion formed during ubiquinol oxida-
tion at the Qo site immediately transfers an electron to the
low-potential heme, cytochrome bL, which subsequently
transfers an electron to the high-potential heme, cytochrome
bH. The reduced cytochrome bH is then oxidized by transfer
of an electron to either ubiquinone or ubisemiquinone at the
quinol-reducing site, Qi, located at the negative (N) side of
the membrane. Recent analyses of the crystal structure of the
mitochondrial bc1 complex have established important fea-
tures of the bc1 complex such as the location of the redox
centers and inhibitor binding sites. In addition, movement of
the head domain of the iron–sulfur protein has been sug-
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[4–7].
During the electron transfer reactions of the cytochrome
bc1 complex, protons are translocated across the inner
mitochondrial membrane resulting in the establishment of
an electrochemical proton gradient. Under conditions of
negligible protonmotive force, the ratio of protons trans-
located for each electron transferred by the bc1 complex
(H+/e ratio) is 2. One proton is released outside the inner
membrane during the oxidation of ubiquinol at the Qo site,
while a second electrogenic proton is translocated from the
negative (N) to the positive (P) side of the membrane for
every electron transferred by the complex.
Recently, Cocco et al. [8] reported that proton transloca-
tion in a cytochrome bc1 complex isolated from bovine heart
mitochondria was inhibited by DCCD and by N-(ethoxycar-
bonyl)-2-ethoxyl-1,2-dihydroquinoline (EEDQ), another
carboxyl-modifying reagent. EEDQ was bound to the
iron–sulfur protein and to one of the core proteins suggest-
ing that acidic amino acid residues in these subunits might be
involved in proton translocation across the membrane [9,10].
Peptide mapping of the labeled iron–sulfur protein led these
workers to suggest that the conserved aspartate residue at
position 166 of the beef heart iron–sulfur protein was the
most likely target for modification by EEDQ.
In the present study, two conserved, charged amino acids
Asp-186 and Arg-190 of the yeast iron–sulfur protein
(equivalent to Asp-166 and Arg-170 in the beef iron–sulfur
protein) have been modified by site-directed mutagenesis to
gain an insight into their possible role in the electron
transport and proton pumping reactions of the bc1 complex.
Mutating Arg-190 to isoleucine resulted in an unstable
protein that was not efficiently assembled into the bc1
complex. Mutating Asp-186 to alanine resulted in a decrease
in both the redox potential of the [2Fe–2S] cluster and the
rate of electron transfer through the complex but did not
affect proton translocation in the bc1 complex. Molecular
modeling studies suggest that the large conformational
changes in the head group of the iron–sulfur protein, which
are predicted as a result of mutating Asp-186 to alanine, may
affect the environment of the [2Fe–2S] cluster and hence its
midpoint potential leading to lowered rates of electron
transfer through the bc1 complex.2. Materials and methods
2.1. Materials
Decylubiquinone, EEDQ, CCCP (carbonyl cyanide m-
chlorophenylhydrazone), NCD-4 (N-cyclohexyl-NV-[4-
(dimethylamino)naphthyl] carbodiimide), valinomycin, and
redox mediators were purchased from Sigma Chemical and
AMF (4V-[(amino-acetamido)methyl] fluorescein) was
obtained from Molecular Probes. Redox mediators were
obtained from Aldrich.2.2. Site-directed mutagenesis and transformation of yeast
cells
Site-directed mutagenesis was performed using the Strat-
egene Quick Changek mutagenesis kit. The codons for
Asp-186 and Arg-190 were changed to alanine and isoleu-
cine, respectively, in the iron–sulfur protein gene (RIP) and
inserted into the high copy plasmid, pSP64. The mutant RIP
gene was subsequently subcloned into the single copy
plasmid pRG415 used to transform the yeast cells. Addi-
tional mutations of Asp-186 were similarly designed to
yield codons for glutamate and asparagine, but directly
inserted into plasmid pRG415. The accuracy of the mutation
was confirmed by sequencing the mutated gene using the
Cy5TM Autocycle DNA sequencing kit for use with the Alf
express automated sequencer. The mutant DNA was trans-
formed into yeast cells (JPJ1), in which the RIP gene had
been deleted [11] by the lithium acetate method [12] as
modified [13]. Mutant yeast cells were selected by their
ability to grow on a medium lacking uracil. To test for
respiratory competence, the transformed JPJ1 colonies from
the uracil minus plates were incubated at 30 jC on plates
containing 1% yeast extract, 2% peptone, 3% glycerol, 4%
ethanol, pH 5.0, and 1.5% agar. The transformed yeast cells
were grown in the same liquid media at 30 jC to monitor
the growth rate by measuring the absorbance at 650 nm at
appropriate time intervals.
2.3. Growth of yeast cells, preparation of mitochondria, and
submitochondrial particles (SMPs) and purification of bc1
complex
The transformed yeast cells were grown to midlogarith-
mic phase in a medium containing 1% yeast extract, 2%
peptone, and 2% galactose (A650 nm = 1.0–1.4). The har-
vested cells were suspended in buffer (10 mM K-PO4 [pH
6.8], 2 mM EDTA, 0.65 M Sorbitol, 0.35 M benzamidine–
HCl (freshly added)) and broken by shaking in a Braun
853023/8 glass bead shaker at 4 jC for 30 s in four
repetitions at 2-min intervals. Mitochondria were prepared
as previously described [14,15]. To prepare SMPs, mito-
chondria were resuspended in KPEP buffer (0.9% KCl, 50
mM potassium phosphate [pH 7.5], 2 mM EDTA, 0.25 mg/
ml benzamidine–HCl) and pulse sonicated at 0 jC for 20 s
in eight repetitions at 2-min intervals. The cytochrome bc1
complex was isolated from SMPs solubilized with dodecyl
maltoside (DM) followed by chromatography on DEAE-
Biogel A and Hi-Trap Q column using FPLC [15].
2.4. Enzyme assays and spectral determination
The cytochrome c reductase activity in mitochondria
isolated from wild type, D186E, D186N, and D186A or in
the isolated cytochrome bc1 complex was determined in
buffer containing 250 mM sucrose, 1 mM EDTA, 50 mM
Tris–HCl [pH 7.4] in the presence of excess KCN and 40
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decylbenzoquinol (DBH2) as electron donor and an extinc-
tion coefficient of 21.5 mM 1 cm 1 for cytochrome c. The
reaction was started by addition of 150 AM DBH2. Absorp-
tion at 550 nm was measured in a Cary 50 UV–Vis
spectrophotometer over a 1-min time period. The inhibitory
effects of 1 AM antimycin A and 1 AM myxothiazol were
determined for both the wild type and the mutant proteins.
Optical spectra for the wild type and the mutant proteins
were recorded using a Cary 50 Bio UV–Vis spectropho-
tometer. The cytochrome c1 concentration was determined
from the ascorbate-reduced minus ferricyanide-oxidized
difference spectrum at 554–539 nm using an extinction
coefficient of 20.9 mM 1 cm 1. The cytochrome b content
was determined from the dithionite-reduced minus ferricy-
anide-oxidized difference spectrum at 563–575 nm using an
extinction coefficient of 25.6 mM 1 cm 1 [15].
2.5. Electron paramagnetic resonance (EPR) spectroscopy
and determination of midpoint potential
The EPR spectra of the [2Fe–2S] cluster of the iron–
sulfur protein in SMPs obtained from the D186A mutants
and the wild type were recorded using a Brucker EMX
spectrometer equipped with a liquid N2 Dewar at 77 K. The
SMPs were resuspended in 50 mM K-PO4, pH 7.5, 0.9%
KCl buffer and reduced with 20 mM ascorbic acid under
anaerobic conditions. Spectra were recorded using the EPR
conditions as follows: temperature, 77 K; microwave power,
0.50 mW; modulation amplitude, 6.0–12.0 G; modulation
frequency, 100 kHz; microwave frequency, 9.398 GHz; and
n (number of samples) = 4–6.
The midpoint potentials of the [2Fe–2S] cluster of the
SMPs isolated from mutants D186A, D186N, and the wild-
type cells was determined by EPR using samples resus-
pended in buffer as described above with the addition of
appropriate redox mediators. EPR conditions were as fol-
lows: temperature, 77 K; microwave power, 2.0 mW; mod-
ulation amplitude, 10.0 G; modulation frequency, 100 kHz;
microwave frequency, 9.398; and n = 9. GHz. EPR titrationsTable 1
Enzymatic activities and redox potentials of cytochrome bc1 complexes in whole
Strain Growtha Ub/mg %WT ISP %
Wild type 2.0 0.61F 0.04 100 100
D186A 2.0 0.32F 0.10 52 76
D186E 2.0 0.52F 0.07 85 96
D186N 2.0 0.57F 0.06 93 95
R190I 3.0 0.04 6 39
Wild type and mutant yeast cells were grown in a medium containing galacto
Cytochrome c reductase activity was determined spectrophotometrically as descri
mitochondrial preparations. Iron–sulfur protein (ISP) content was determined by
titration via EPR as described in Materials and methods. ND, not determined.
a Doubling time in hours.
b Amol cytochrome c reduced/min/mg of protein.
c nmol/mg of mitochondrial protein.
d mV.were performed by monitoring the amplitude of the gy peak
in the presence of 50 AM p-diphenylamine-sulfonic acid,
ferrocene acetic acid, 1,1V-dimethylferrocene, p-benzoqui-
none, TMPD (N,N,NV,NV-tetramethyl-1,4-phenylenediamine),
DAD (2,3,5,6-tetramethyl-1,4-phentylenediamine), 2,5-
dihydroxy-1,4-benzoquinone, 1,2-naphthoquinone, or phen-
azine methosulfate. Titration curves were constructed from
the gy amplitudes versus potential and the midpoint poten-
tials were extrapolated.
2.6. Modification of cytochrome bc1 complex with EEDQ
The purified cytochrome bc1 complex (2.5 mg protein/ml)
in 10 mMMOPS buffer, pH 7.0, was incubated at 4 jC for 2
h with a methanolic solution of EEDQ at a concentration of
100 mol EEDQ/mol cytochrome c1 in the presence of 16 mM
AMF solubilized in N,N-dimethyl formamide. After the
incubation, aliquots of the bc1 complex suspension were
either directly added to a phospholipid suspension for recon-
stitution into proteoliposomes or precipitated with 90% cold
acetone. The pellet obtained with acetone was resuspended in
100% methanol to remove the nonspecifically bound, excess
EEDQ and AMF, and again precipitated with acetone. The
pellets were solubilized with the SDS sample buffer and
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 15% polyacrylamide gel
as described in Ref. [15].
2.7. Preparation of proteoliposomes containing the cyto-
chrome bc1 complex and measurement of cytochrome c
reductase and proton pumping activity
Reconstitution of the purified bc1 complex from the
D186A mutant and the wild-type strain into phospholipid
vesicles was performed by suspending 50 Al of the purified
complex containing 0.5 nmol of cytochrome b in 500 Al of an
ice-cold phospholipid solution containing 30 mM MOPS,
pH 7.0, 0.5% sodium cholate, 30 mM n-octyl h-D-gluco-
pyranoside, and 50 mg/ml of soybean lecithin [16]. The
mixture was sonicated using a microprobe at an outputmitochondria from wild type and mutants of the yeast iron–sulfur protein
WT b contentc c–c1 content
c Redox potentiald
0.282 0.147 281F 27
0.271 0.137 178F 27
0.282 0.139 ND
0.271 0.139 241F 22
ND ND ND
se under aerobic conditions and mitochondria isolated as described [22].
bed [22]. Activities are the average of three determinations of at least three
scanning of immunoblots. Redox potential was determined through redox
C.E. Ebert et al. / Biochimica et Biophysica Acta 1607 (2003) 65–7868control set at position 1 (Heat Systems-Ultrasonics) for 10–
15 s until the suspension appeared transparent. The sonicated
mixture was incubated at 4 jC for 2–3 h prior to enzymatic
assays.
Both cytochrome c reductase and proton pumping activ-
ities were assayed at 25 jC in 2 ml of a medium containing 1
mM K-HEPES, pH 7.2, 100 mM KCl, 1 mM KCN, 7.5 AM
cytochrome c, 1 Ag valinomycin and 50 Al of the proteoli-
posomes. The reaction was started by addition of 150 AM
DBH2, prepared just prior to use by sodium borohydride
reduction of DB. The rate of proton pumping was determined
by the decreases in absorbance at 558 nm of the pH indicator
dye phenol red (50 mM) resulting from the increase in proton
concentration outside the proteoliposomes. Cytochrome c
reductase activity in the proteoliposomes was assayed as the
rate of cytochrome c reduction at 550 nm in the same
medium minus the phenol red indicator. Liposomes prepared
without any protein were used as controls for both assays.
2.8. Molecular modeling
Molecular modeling was performed on an Octane Silicon
Graphics workstation using the X-ray crystal structure for the
native dimeric cytochrome bc1 complex isolated from Sac-
charomyces cerevisiae [PDB 1KB9] [7]. The regions of the
iron–sulfur protein and cytochrome b corresponding to
docking interactions were examined in detail using only
the cytochrome b, cytochrome c1, and the iron–sulfur
protein subunits plus two supernumerary subunits and en-
dogenous water molecules from the crystal structure. It wasFig. 1. (a) EPR spectra of the [2Fe–2S] cluster of the iron–sulfur protein in
the wild type and mutant D186A. SMPs (40 mg) isolated from wild-type or
mutant cells were resuspended in 50 mM potassium phosphate [pH 7.5] in
0.9% KCl buffer, reduced with 20 mM ascorbate at 0 jC for 10 min under
anaerobic conditions and frozen in liquid nitrogen prior to EPR. EPR
conditions were as follows: temperature, 77 K; microwave power, 0.50
mW; modulation amplitude, 12.0 G (wild type) or 6.0 G (D186A);
modulation frequency, 100 kHz; and microwave frequency, 9.398 GHz.
The difference in clarity between wild-type and mutant signals can be
explained by the altered modulation amplitude and the lesser number of
traces averaged (n= 4 vs. n= 6). (b) Potentiometric titrations of the [2Fe–
2S] cluster of various iron–sulfur mutants in the absence of inhibitor. The
data point represent the normalized amplitudes of the EPR gy signal of the
[2Fe–2S] cluster of the wild type (E), D186N (n), and D186A (.)
mutants recorded between 80 and 400 mV. The data were fitted to a
Boltzmann equation to give a sigmoidal curve through the use of Origin 5.0
software (Microcal Software). Em values are indicated in Table 1, and the
curve fits are shown as black lines. In the specific case of the D186A
mutant, the asymptote for the plot was located so near the lower end of the
data range that fitting to a Boltzmann equation was not possible without a
simulation of the curve based on extrapolated lower potentials before the
data could be fitted. To ensure accuracy in reporting, the data for D186A
were fit to a polynomial curve (n= 2) as shown above. Both the simulated
Boltzmann curve fit and the polynomial curve agreed on the value of Em
within 2.8%. The error introduced by this method of fitting indicates that
the Em for D186A could be lower; the midpoint potential listed in Table 1 is
the maximum value that D186A could possess. Additionally, all samples
were further checked by plotting integrations of the gy signal versus
potential; in each case, the resulting curve fits agreed with those shown.necessary to remove the c-type heme from the cytochrome c1
protein to balance all parameters. The b-type hemes were
manually fixed and their interaction parameters edited so as
to be compatible with the CVFF force field. Amino acid
substitutions to mimic appropriate mutations were made
using the Biopolymer module from Insight II software
(Molecular Simulations, San Diego). With the exception of
the globular head region of the iron–sulfur protein (residues
108–215 in the yeast numbering system), the entire mole-
cule was fixed before energy minimization and molecular
dynamics calculations were performed. Changes in the
conformations of the subunits and the hydrogen bonding
interactions between the docking residues were examined
using molecular dynamics as follows: Energy minimization
was performed on the whole molecule using a constant
valence force field (cvff) and the method of steepest descents
with a nonbond cutoff of 12 A˚ for 1000 iterations until the
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namics simulations followed to the point of energy minimi-
zation for each structure. The leap frog algorithm was used;
the system was equilibrated for 1.0 ps and the simulations
continued for 35 ps at 298.15 K in femtosecond time steps
with the same constraints. Structures were saved every 500
fs. Differences between the mutant and wild-type conforma-
tions were examined by visual comparison (overlays), dis-
tance measurements between reference atoms, and
examination of hydrogen bonds formed.3. Results
3.1. Characterization of the bc1 complex in mitochondria of
mutants D186A, D186E, D186N, and R190I
Transformed yeast cells containing single site mutations
of the conserved charged residues located in the head region
of the iron–sulfur protein were grown on the nonferment-
able carbon sources, glycerol, and ethanol in liquid medium
at 30 jC. Mutant R190I grew at a slower rate than JPJ1
transformed with the wild-type RIP gene and reached a
lower density at stationery phase, while the mutants
D186A, D186E, and D186N grew at the same rate and to
the same density as the wild-type cells under these conditions
(Table 1).
The ubiquinol–cytochrome c reductase activity in mito-
chondria of mutant R190I was almost completely abolished,
less than 10% of the activity of the wild type (Table 1). The
residual activity was insensitive to antimycin and myxothia-
zol, suggesting that this mutation causes profound changes in
the iron–sulfur protein resulting in complete loss of activity.
By contrast, the activity of the bc1 complex in mitochondria
of mutant D186A was reduced 50% compared to the wild
type, but retained complete sensitivity to antimycin and
myxothiazol. The activity of D186E and D186N, two more
conservative mutations of Asp-186, did not significantly
differ from that of the wild type. Spectral analysis of
mitochondria from all mutants indicated the presence of an
a-band at 563 nm, characteristic of cytochrome b, and an a-
band at 554 nm, typical of cytochrome c–c1 suggesting that
these mutations do not affect the assembly of the heme-
containing proteins into the bc1 complex.
Immunoblotting analysis of mitochondria from the
mutants with antibodies directed against the yeast iron–
sulfur protein followed by densitometric scanning analysis
indicated a 61% loss of iron–sulfur protein in mutant R190I.
These results indicate that substituting an isoleucine residue
for the charged arginine at this position leads either to
instability of the newly synthesized iron–sulfur protein or
to its improper assembly into the bc1 complex as indicated by
the complete loss of activity. In mutant D186A, a 24%
decrease in iron–sulfur protein content in mitochondria
was observed, indicating that this mutation had only a slight
effect on the stability of iron–sulfur protein or its assemblyinto the cytochrome bc1 complex, while mutants D186E and
D186N exhibited no decrease in iron–sulfur protein content
relative to wild type (Table 1).
To determine whether the change in enzymatic activity
observed in mutant D186A resulted from improper assem-
bly of the [2Fe–2S] cluster into the iron–sulfur protein or
severe changes in the microenvironment of the cluster, the
EPR spectral characteristics of the wild type and mutant
mitochondrial membranes were compared (Fig. 1a). Reduc-
tion of the SMPs fractions with a small amount of ascor-
bate resulted in the appearance of the characteristic gx
signal ( gx = 1.80) in both the wild type and mutant
D186A, indicating that the microenvironment of the
[2Fe–2S] and its interaction with cytochrome b was not
significantly altered in this mutant. Potentiometric titrations
were performed through use of redox potential mediators to
determine the midpoint potentials of the mutants. The
midpoint potential (Em) of the [2Fe–2S] cluster of the
D186A mutant was reduced to 178F 27 mV from the wild-
type potential of 281F 27 mV, while that of mutant D186N
was reduced to 241F 22 mV (Fig. 1b and Table 1). A
decrease in the redox potential of the [2Fe–2S] cluster has
previously been reported to result in lowered cytochrome c
reductase activity [17]. The location of Asp-186 in the head
group of the iron–sulfur protein at a distance of f 30 A˚
[4,5,7,18,19] from the ligands coordinating the [2Fe–2S]
cluster suggests that the change in redox potential may
result from global changes in the protein.
These results contrast with an earlier study in which a
mutation of Asp-186 to an asparagine in yeast mitochondria
was reported to result in significant loss of the iron–sulfur
protein and complete lack of the [2Fe–2S] cluster [20]. One
explanation for the differences in these two studies is the
method used to generate mutant iron–sulfur protein. In the
earlier study, the mutations were generated by random
mutagenesis by treatment of yeast cells with ethylmethane
sulfonate or nitrosoguanidine followed by sequencing of the
mutant iron–sulfur protein to determine the amino acid
change. In the current study, the mutants were generated
by site-specific mutagenesis of the isolated iron–sulfur
protein gene followed by insertion of the gene into an
expression plasmid, which was then transformed into a yeast
strain lacking the gene for the iron–sulfur protein. It is
possible that the random mutagenesis method affected addi-
tional unidentified genes that might be required for assembly
of the bc1 complex.
3.2. Molecular modeling
Molecular dynamics simulations comparing the mutant
D186A to the wild-type iron–sulfur protein predicted
changes in the global structure of the globular head region
as a consequence of this mutation (Fig. 2A,B). Fig. 2A
shows a space-filling model of the overlay of wild type and
D186A iron–sulfur proteins after the simulation demonstrat-
ing the major structural changes that have occurred due the
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(Fig. 2B) provides details of the shift in position of the
altered residue and the consequent shifts in position of the
various folds of the head region. A large conformationalFig. 2. Molecular dynamics simulation data for D186A versus wild type. The X-
D186Awas equilibrated for 1000 iterations as described in Materials and methods
filling model overlay. To illustrate the global position changes, an overlay of the
coordinating residues are shown in yellow and residue 186 is shown in light blu
D186A superimposed over the wild type for visual comparison. Only the aqueou
sulfur protein, which was fixed in position for the simulation, is not depicted. The
light green. The alanine-substituted iron–sulfur protein is shown in maroon with th
and light blue in D186A) are from the endogenous crystal structure and were in
residues are the 2Fe–2S coordinating residues (Cys-159, His-161, Cys-178, and H
during the simulation. The bottom left portion of the diagram depicts the positionchange in the a1 helix and the a1–h4 loop is observed in
mutant D186A (red) compared to the wild type (blue).
Major changes in the number of hydrogen bonds sur-
rounding Asp-186 were also observed (Fig. 3). In the wildray crystal structure for the bc1 complex isolated from wild type or mutant
. Simulations were then performed over a 35-ps time scale. (A) CPK space-
wild-type (blue) and D186A (red) models is shown. The [2Fe–2S] cluster
e for the wild type and orange for D186A. (B) Ribbon structure of mutant
s head region is shown for clarity; the transmembrane anchor of the iron–
wild-type iron–sulfur protein is shown in teal with the Asp-186 residue in
e Ala-186 residue in purple. The water molecules (dark blue in the wild type
cluded in the simulations. The depicted green (wild type) or red (D186A)
is-181), which were tethered to mimic the ligands of the [2Fe–2S] cluster
of the low-potential heme to provide a frame of reference.
Fig. 2 (continued).
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neighboring residues (Arg-192, Arg-190, and Ser-188, in
particular). By contrast, substitution of alanine for aspartate
removes a locus for hydrogen bond formation. Only three
hydrogen bonds are formed, one each with Arg-190 and
Ser-188 and one with a water molecule (HOH 142B) not
present at a suitable position in the wild type. The data of
the molecular simulation suggest an apparent rescue at-
tempt in which water molecule HOH:142B is predicted to
reposition and form hydrogen bonds between Ala-186 and
Glu-128. This repositioning of a water molecule might
enable the aqueous head region to maintain its structural
integrity and thus permit proper assembly of the iron–
sulfur protein; however, this predicted rescue is not opti-
mal, resulting in the reduced (but not ablated) enzymatic
activity of the mutant complex. Molecular modeling sim-
ulations of the conformation of the [2Fe–2S] cluster
indicate that the cluster retains its shape and position;
however, alterations in the surrounding residues are ob-
served. As a consequence, the cluster is intact but its planar
orientation relative to the b-hemes is altered by 10j, whichmay result in the lowered midpoint potential observed in
mutant D186A.
Molecular modeling simulations of the D186E mutation
that retained wild-type enzymatic activity suggested that the
hydrogen bonding network of the h-sheet region plus the
ligands to the [2Fe–2S] cluster are in nearly identical
positions after the simulations (Fig. 4). The side chain of
the glutamate-substituted residue 186 was shifted 2–3 A˚;
however, the residue still participated in five hydrogen bonds
similar to that of the wild type. The interior residues are all
closely aligned with that of the wild type, suggesting that this
more conservative mutation results in a small change in the
folding dynamics of the protein.
Molecular modeling simulations of the D186N mutation
that retained wild-type enzymatic activity also suggested that
the overall structure of the protein was similar to that of the
wild type. The distances of the ligands of the [2Fe–2S]
cluster had shifted by an average of less than 1.6 A˚ but
maintained an orientation nearly identical to that of the wild
type. While this shift does not affect enzymatic activity, it
may account for the observed decrease in redox potential of
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the position of Asn-186 compared to the wild-type Asp-186.
A close examination of the hydrogen-bonding scheme around
the D186N environment revealed a substantial decrease in the
number of bonds in which the asparagine participated. While
this fact was surprising, the overall number of interprotein
hydrogen bonds actually increased in the D186N simulation.
Close examination of the head group model showed a
rearrangement of the h-sheet fold where residue 186 is
located (Fig. 4B). Although there is a structural rearrange-
ment and the specific hydrogen bonds have changed, the
overall general shape of the aqueous head region has been
maintained by the formation of other bonding interactions.
3.3. Isolation and characterization of the cytochrome bc1
complex from iron–sulfur protein mutant D186A
To further characterize the cytochrome bc1 complex in
mutant D186A, the bc1 complex was isolated from the bothFig. 3. Hydrogen bonding pattern of the iron–sulfur protein and water molecules.
simulations of wild type or mutant D186Avia Insight II software (Accelrys) and sh
seven hydrogen bonds after simulation, several of which depend upon the acidic si
which involve the hydrophobic side chain. The simulation predicts that a water m
bridge between Ala-186 and Ser-188.mutant and wild-type mitochondria. The bc1 complex
present in the mitochondrial membranes of mutant
D186A was stable to detergent extraction with DM and
exhibited identical binding and elution properties on the ion
exchange columns as the wild-type complex. Overall, this
purification scheme resulted in a 10-fold increase in spe-
cific activity for both the mutant and the wild type when
compared to the starting mitochondria (Table 2). The
purified bc1 complex from the D186A mutant remained
stable upon storage at  80 jC in the presence of 30%
glycerol.
Analysis by SDS-PAGE of the cytochrome bc1 com-
plexes isolated from wild type and mutant D186A
revealed an identical subunit composition with little loss
of the iron–sulfur protein in the mutant (Fig. 5). The
spectral properties of the bc1 complexes isolated from the
wild type and the D186A mutant were also identical with
a cytochrome b/c1 ratio of 1.6 for both complexes and a
similar content of cytochromes b and c1 (Table 2). TheseThe formation of hydrogen bonds was measured in the molecular dynamics
own in the figure as dashed green lines. (A) In the wild type, Asp-186 forms
de chain. (B) The D186A mutant forms only three hydrogen bonds, none of
olecule has moved into the cleft occupied by the alanine residue forming a
Fig. 3 (continued).
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in the bc1 complex containing the mutant iron–sulfur
protein and have not been perturbed during the purifica-
tion process. The cytochrome c reductase activity of the
bc1 complex isolated from mutant D186A reconstituted
into proteoliposomes was decreased 64% compared to the
wild-type bc1 complex (Table 3). The rate of proton
pumping in mutant D186A was also decreased 64%
compared to the wild type, a reflection of the decreased
rate of electron transfer in this mutant. The H+/2e ratios
for the mutant and the wild type were 1.9 and 2.0,
respectively suggesting that a proton translocation and
electron transfer were coupled in the bc1 complex isolated
from mutant D186A. Addition of the uncoupler CCCP
resulted in a 40% or greater decrease in the rate of proton
pumping resulting in a calculated H+/2e ratio of 1.1 and
1.2 for mutant D186A and the wild type, respectively.
These results indicate that Asp-186 of the yeast iron–sulfur protein (Asp-166 in the beef enzyme) is not
required for the pumping of electrogenic protons by the
cytochrome bc1 complex.
3.4. Effects of EEDQ on the bc1 complexes isolated from
wild type and mutant D186A
A recent study concluded that EEDQ, a specific reagent
for buried carboxyl groups of proteins, blocked electrogenic
proton pumping in the bc1 complex isolated from beef heart
mitochondria by binding to an aspartate residue of the iron–
sulfur protein, presumed to be Asp-166, equivalent to Asp-
186 in the yeast numbering system [8–10]. Treatment of the
bc1 complexes isolated from both wild type and mutant
D186A with 150 mol EEDQ per mol of cytochrome c1 for
2 h at 4 jC before reconstitution into proteoliposomes
resulted in a 23–36% decrease in the rate of proton translo-
cation without any significant effect on the rate of electron
C.E. Ebert et al. / Biochimica et Biophysica Acta 1607 (2003) 65–7874transfer (Table 3). Similar effects were observed when the
same concentration of EEDQ was added to the incubation
medium containing the bc1 complex previously incorporated
into proteoliposomes. In a previous study, treatment of the
bc1 complex from beef heart mitochondria with 125 mol
EEDQ per mol cytochrome c1 for 1 h resulted in a 40%
decrease in the rate of proton pumping [8].Fig. 4. Molecular dynamics simulation data for conservative mutations versus w
complex was equilibrated for 1000 iterations as described in Materials and method
indicated for the mutant D186E were superimposed over the wild-type data in
proteins are shown in maroon (wild type) or blue (D186E) with residue 186 sho
follows: cytochrome b (yellow), cytochrome c1 (green), supernumerary QCR frag
shown. The endogenous water molecules for both simulations have not been show
indicated for the mutant D186N were superimposed over the wild-type data in
proteins are shown in blue (wild type) or maroon (D186N) with residue 186 show
been shown in detail, near the bottom of the representation in blue (wild type) oTo determine which subunits of the yeast bc1 complex
bind EEDQ, this reagent was incubated with the complex in
the presence of the fluorescent nucleophile AMF that forms
an amide bond with a carboxyl-specific reagent such as
EEDQ and can thus be identified by its fluorescence. The
SDS-PAGE profile of the EEDQ–AMF treated complexes
from both wild type and mutant D186A reveals fluorescenceild type. The X-ray crystal structure for wild type or mutant D186E bc1
s. Simulations were then performed over a 35-ps time scale. (A) The results
ribbon structures as shown above for visual comparison. The iron–sulfur
wn in yellow in both cases. For reference, other molecules are depicted as
ments (pink and violet). Additionally, the heme groups of cytochrome b are
n for clarity, although they were included in the simulations. (B) The results
ribbon structures as shown above for visual comparison. The iron–sulfur
n in yellow (wild type) or purple (D186N). The 2Fe–2S ligands have also
r red (D186N). The inset depicts the region shown in detail.
Fig. 4 (continued).
C.E. Ebert et al. / Biochimica et Biophysica Acta 1607 (2003) 65–78 75in the bands corresponding to both core protein 2 and the
iron–sulfur protein, indicating that EEDQ is bound to
carboxyl groups present in these subunits (Fig. 6). A de-
crease in fluorescence of the iron–sulfur protein and an
increase in fluorescence of the core protein 2 from mutant
D186Awas observed. These results suggest that EEDQ does
bind to Asp-186 in the wild-type iron–sulfur protein; how-
ever, the fluorescence observed in the iron–sulfur protein ofTable 2
Enzymatic activities in purified cytochrome bc1 complexes from wild type
and mutants of the yeast iron–sulfur protein
Strain Unitsa Ub/
nmol b
Cytochrome
b contentc
Cytochrome
c–c1 content
c
Ratio
b/c1
Wild type 6.7 1.54 4.35 2.81 1.6
D186A 2.6 0.55 4.85 3.0 1.6
Wild type and mutant yeast cells were grown in a medium containing
galactose under aerobic conditions and mitochondria isolated as described
[22]. The bc1 complex was isolated from detergent solubilized SMPs and
purified using ion exchange column chromatography as described under
Materials and methods. Cytochrome c reductase activity was determined
spectrophotometrically as described [22].
a Amol cytochrome c reduced/min/mg protein.
b Amol cytochrome c reduced/min/nmol cytochrome b.
c nmol/mg of protein.
Fig. 5. SDS-PAGE of the cytochrome bc1 complexes isolated from mito-
chondria of wild-type and mutant D186A mitochondria. Ten micrograms of
protein were loaded into each well. Lane 1, standard molecular weight
markers. Lane 2, wild-type bc1 complex. Lane 3, D186A bc1 complex.
Table 3
Cytochrome c reductase and proton pumping activities in cytochrome bc1
complexes isolated from mitochondria of wild type and mutant D186A
Rate of e
transporta
Rate of H+
pumpingb
H+/e
ratio
Control
Wild type 1.30F 0.27 2.60F 0.40 2.0
D186A 0.50F 0.08 0.94F 0.10 1.9
Plus CCCP
Wild type 1.51F 0.45 1.81F 0.20 1.2
D186A 0.53F 0.02 0.61F 0.04 1.1
Plus EEDQ
Wild type 1.31 1.81 1.4
D186A 0.51 0.60 1.2
Fifty microliters of purified bc1 complex isolated from wild type and mutant
A86L mitochondria containing 0.5 nmol of cytochrome b were incorpo-
rated into proteoliposomes as described under Materials and methods.
Proton pumping was measured after addition of 150 AM DBH2 to the
reaction mixture by the decrease in the absorbance at 558 nm of 50 mM
phenol red, while cytochrome c reductase activity was determined at 550
nm in the same mixture minus phenol red. Assays were performed in
quadruplicate and are expressed as the meanF S.E. The experiments
involving EEDQ were performed in duplicate and averaged.
a Amol cytochrome c reduced/min/nmol cytochrome b.
b Amol H+ produced/min/nmol cytochrome b.
C.E. Ebert et al. / Biochimica et Biophysica Acta 1607 (2003) 65–7876the D186A mutant suggests that EEDQ must also bind to a
carboxyl group other than Asp-186.Fig. 6. Binding of the inhibitor EEDQ to the subunits of cytochrome bc1
complex isolated from wild-type and mutant D186A mitochondria. After
SDS-PAGE, the gel was exposed to UV light and photographed. An arrow
indicates the location of the fluorescent bands corresponding to core protein
II (Core2) and the iron–sulfur protein (ISP). Ten micrograms of protein
were loaded into each well. Lane 1, molecular weight markers. Lane 2,
D186A bc1 complex. Lane 3, wild-type bc1 complex.4. Discussion
This study has focused on the role of two conserved
charged amino acid residues, Arg-190 and Asp-186, located
in the head group of the iron–sulfur protein of the yeast
mitochondrial cytochrome bc1 complex. The results obtained
confirm previous reports that Arg-190 is critical to the
function of the iron–sulfur protein and that alterations of
this residue produce an inactive complex [21]. In the current
study, mutating Arg-190 to isoleucine resulted in the im-
proper assembly of the iron–sulfur protein into the bc1
complex and a 90% loss of enzymatic activity. By contrast,
mutating Asp-186 to alanine did not affect the assembly of
the iron–sulfur protein into the bc1 complex, but did result in
a 50% decrease in enzymatic activity. The conservative
mutations of Asp-186 to glutamate and asparagine, however,
did not cause a significant loss of enzymatic activity. The
different effects on enzymatic activity of these three muta-
tions of Asp-186 lead us to suggest that the major function of
this conserved amino acid residue may involve charge
interactions that serve to maintain the optimal conformation
of the head group of the iron–sulfur protein.
To confirm the suggestion that Asp-186 functions to
maintain the optimal conformation of the protein through
charge interactions, we performed molecular simulations to
compare the hydrogen bonding patterns of the wild type and
mutants of Asp-186. In the wild type, Asp-186 is predicted toform five to seven hydrogen bonds with nearby atoms
located in the head group (Fig. 3). By contrast, the D186A
mutant is predicted to form only three hydrogen bonds, one
of which is with a water molecule that was predicted to move
into the open space created by the dissociation of the
hydrogen bonds formed with the wild-type aspartate residue.
Moreover, molecular simulations predicted that the D186A
mutant also impacted the [2Fe–2S] cluster. No major shift in
the position of the [2Fe–2S] cluster was observed; however,
the cluster was altered in its planar orientation relative to the
b-hemes by 10j. Consequently, the orientation of the [2Fe–
2S] cluster with the proposed ubiquinol binding pocket may
have been modified. This subtle positional variation likely
affects the dielectric constant of the [2Fe–2S] cluster, in turn
leading to the change in midpoint potential. Moreover, the
simulations reveal no extreme variation in the residues
ligating the [2Fe–2S] cluster and the EPR spectra show no
drastic alteration of the microenvironment (Fig. 1a). Al-
though the overall conformation of the D186A mutant con-
forms well to the structure of the wild type, a slight
‘‘opening’’ of the protein strands is predicted. The predicted
changes in the structure of the head group of the iron–sulfur
protein coupled with the altered orientation of the [2Fe–2S]
cluster may be sufficient to account for the lowered midpoint
potential observed in mutant D186A. The 100 mV decrease
in the midpoint potential explains the 50% loss in electron
transfer activity, as this loss in activity agrees well with
published accounts of the interrelationship between midpoint
potential and electron transport activity [17,22].
The suggestion that the hydrogen bonds in the a1–h4
region of the iron–sulfur protein maintain the conformation
of the head group necessary for optimal activity is further
supported by the characterization and molecular dynamics
simulations of the conservative mutants, D186E and D186N.
Molecular simulations predicted that D186E, which main-
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hydrogen bonds similar to those predicted for the wild type.
Moreover, the orientation of the [2Fe–2S] cluster was
essentially identical to that of the wild type. Molecular
simulations of mutant D186N, which also maintained wild-
type activity, indicated that the overall structure of the head
group was similar in shape to that of the wild type, but with
some distinct differences. The conformation of the a1–h4
region was altered and the network of hydrogen bonds was
almost totally rearranged compared to the wild type or
D186E. The newly formed hydrogen bond network, howev-
er, apparently compensated for these regional alterations, as
the global structure of the head group was not significantly
different from that of the wild type. Indeed, the position of
the [2Fe–2S] cluster was unchanged and the orientation
altered by less than 5j. The slight change in orientation may
have resulted in the lowering of the midpoint potential by 30
mV in this mutant, which resulted in no significant loss of
electron transfer activity.
Recent studies have also addressed the putative proton
transport pathway in the bc1 complex to the mitochondrial
intermembrane space. In an earlier study with the carboxyl-
specific reagent EEDQ, Cocco et al. [10] suggested that Asp-
166, the residue in the beef heart iron–sulfur protein anal-
ogous to Asp-186 in yeast, may play a role in proton
transport. The results of the current study indicate that
Asp-186 is not required for proton pumping in the bc1
complex, as mutant D186A pumps protons with a H+/2e
ratio of 2.0 identical to that of the wild type. In the current
study, we have determined that EEDQ is bound to both wild
type and D186A iron–sulfur proteins, although the relative
amount bound to the mutant was decreased. Addition of
EEDQ had no effect on electron transfer activity, but did
inhibit the rate of proton pumping across the membrane for
both the wild type and D186A mutant. These results suggest
that EEDQ must bind to a carboxyl group other than Asp-
186 in the bc1 complex and that this residue may be involved
in the proton translocation reactions of the complex. One
candidate is the conserved Asp-172 in yeast (residue 152 in
beef), which is in the same domain of the iron–sulfur protein
as Asp-186. Asp-172 is conserved in many but not all iron–
sulfur protein sequences available in the database but
replaced with a leucine in Trypanosoma brucei [23], a valine
in Sulfolobus acidocaldarius [24], and an asparagine in
Bradyrhizobium japanicum [25]. Other candidates include
Asp-143 and Glu-125 in yeast, which are conserved across
most species [21] and are fairly inaccessible to solvent in the
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